Introduction
Advances in the sophistication and accessibility of biosensing solutions are central to supply current and future society's demands. For instance, the deployment and decentralization of medical diagnostics solutions hold promise in aiding medical doctors focusing on the patient's condition by providing faster and personalized diagnostics, with more accurate and frequent monitoring of critical parameters. Decentralization also implies the patient's comfort associated with home and doctors' office testing and facilitates compliance with treatment. Besides these benefits, decentralization is also an issue of economic importance and a policy to serve ageing populations in developed countries (Saltman et al. 2007 ; The World Population Situation, 2014; Luppa et al., 2011) .
The instruments required for decentralization vary with their purpose and user setting. Thus, in vitro diagnostics systems for doctors' offices or specific hospital services can tolerate the cost and complexity of standalone dedicated platforms (Chin et al., 2012; Abgrall and Gué, 2007; Kovarik et al., 2012) , whereas point-of-care (POC) devices for home and self-testing require lower costs and user friendliness (Gervais et al., 2011; Durner, 2010; Gubala et al., 2012) . Concurrently, these systems also require strict analytical performance (Venge et al., 2010) , quantitative detection, robustness to user skills and the ability to record and centralize results.
Standalone computer controlled dedicated instruments provide these requirements (Kovarik et al., 2012; Gervais et al., 2011; Durner, 2010; Chou et al., 2012; King et al., 2014; Ducreé et al., 2007; Madou et al., 2001 , https://www.cobasliat.com) but lack the ubiquity to serve personal testing.
The pervasive presence of cell phones, with subscriptions in excess of the world's population (Global mobile statistics, 2014) , and with an increasing proportion of smart phones (Nemiroski et al., 2014) , implies an installed infrastructure with computing, communication and physical sensing capabilities, which could supply a vehicle for decentralized biosensing. Modern cell phones can thus eliminate the cost of integrating user interfaces, data processing and detection systems for standalone instruments.
Thus, the same type of instrument regularly interfaced to computers could be implemented with cell phones, either integrating the electronic interfacing (Nemiroski et al., 2014; Li et al., 2012; D'Ambrosio et al., 2015; Laksanasopin et al., 2015; Tropea et al., 2014; Addae-Mensah et al., 2010) or using generic digital acquisition boards for phones (https://github.com/ytai/ioio/wiki). This alternative implies complete freedom to design the instrumentation but sacrifices the ubiquity of the solution. Although cell phones are ubiquitous, the measuring instruments are scarce, and as is the combination of these two parts.
In contrast with this instrumentation approach, other solutions aim at partially or totally retaining cell phone ubiquity by excluding electronic interfacing and employing either reusable accessories (Breslauer et al., 2009; Smith et al., 2011; Zhu et al., 2013; Vashist et al, 2014; Mudanyali et al., 2012; Switz et al., 2014; Potyrailo, 2013 ; http://holomic.com) or disposable devices (Matinez et al., 2008a; Preechaburana et al., 2012a Preechaburana et al., , 2014 Preechaburana et al., , 2015 Comina et al., 2015a) to complement cell phones for biosensing and chemical detection. These techniques dominantly exploit optical coupling to cell phone cameras, which represents a universally available resource across phone models, brands and operating systems. Image and video acquisition also provide standardized data formats, which can capture a broad range of phenomena. The chemical element in these systems should thus produce responses readable as images or video. The main approaches include microscopy and detection of intensity and color changes, as well as contrast and displacement signals and their time responses (Vashist et al, 2014; Preechaburana et al., 2014) .
Reusable accessories can incorporate light sources, optics and positioning for the chemical detection element. The accessories are commonly designed for specific phone models, and existing demonstrations show strong analytical performance (Vashist et al, 2014; Wei et al., 2013 Wei et al., , 2014 . However, although the simplifications make the concept more affordable than electronically interfaced instruments, the combination of accessory and phone necessary to produce a measurement is still scarcer than the phones.
The last alternative focuses on entirely preserving the cell phones' ubiquity by adapting the sensing device to operate on any cell phone, and without accessories. These devices should be low-cost disposables with the potential to be deployable at the cell phones' scale, and it is desired that a single architecture could universally couple to any phone brand, model and operating system.
Further demands include autonomy in operating the entire sample conditioning process and the creation of a reference calibration range to allow quantitative measurements while operating the phone in default configurations and integrating the coupling element within the disposable (Preechaburana 2012a (Preechaburana , 2014 Comina et al., 2015a) . This concept presents specific challenges in terms of integration and design, and this review will examine the lab-on-a-chip (LOC) biosensing that could be adapted to such end-to-end universal, autonomous and quantitative diagnostic disposables for cell phones analyses.
The information is presented following a functional organization (Figure 1 ), classified in sample conditioning and detection coupling solutions, along with the specific details necessary to adapt autonomous LOC principles to fully exploit the residual resources in cell phones' default configurations.
Lab-on-a-chip biosensing
Regular LOC systems utilize external pumps and valves to control conditioning protocols, and the integration of these capabilities within autonomous LOCs is an important attribute for applications such as decentralized diagnostics.
The principles for autonomous operations have been investigated independently of cell phone detection and entail the integration of multiple functions (Abgrall and Gué, 2007; Ahn et al., 2004; Qiu et al., 2009; Bharadwaj and Singh, 2013; Floiris et al., 2010; Sin et al., 2011) . Figure 1 illustrates an idealized device with all the stages that would be necessary in an end-to-end disposable solution for cell phone readout. The contents in this work are discussed following the order indicated in the figure.
Figure 1

Sample conditioning
Sample conditioning involves all preparatory aspects to be integrated in autonomous and disposable LOCs. This includes sample extraction, which is dependent on the type of sample and, in this work, is restricted to blood, urine and saliva. Besides sample extraction or collection, separation and amplification complete the main preparatory aspects, which in the case of cell phone detection also includes the internal generation of a calibration range. This embedded calibration is necessary to make quantitative detection portable to any cell phone, which are here assumed to operate in arbitrarily set user configurations, which is a distinctive characteristic of solutions that could universally couple to unmodified phones.
The operation of such systems also implies the integrated actuation or passive transport methods necessary to implement the conditioning, which are covered in section 2.1.3.
Sample extraction
Blood provides the most complete sample for disease diagnostics (Ray et al., 2007) and can be extracted with a hypodermic needle or with a commercial finger pricker (https://www.accuchek.co.uk/gb/products/fingerprickers/index.html; http://www.lifescan.co.uk/ourproducts/accessories/lancingdevice). Both cases require separated devices and the subsequent transfer to the sample conditioning stage. These forms of sample extraction can be the most convenient alternative in clinical scenarios or for frequent users of home testing devices; however, practical disposables for cell phone detection, especially if aimed at personal testing, demand usage simplification and would benefit from an integrated extraction stage.
Micro-needle arrays (Ahn et al., 2004; Gattiker et al., 2005; Khanna et al., 2008; Ganesan et al., 2014 ) and micro-actuators offer an alternative to sample extraction and have been demonstrated in the context of micro total analysis systems (µTAS) and as micro electro mechanical systems (MEMS) (Nisar et al, 2008; .
Frequently these solutions require an external power source and entail a complexity not always compatible with low-cost disposable devices. A concept that more closely meets the demands of autonomous disposable devices for cell phone analyses (henceforth ADDCA) has been recently published (Li et al., 2015) . The device consists of a self-powered one-touch blood extraction system, using a polymer-capped hollow micro needle and a pre-vacuum polydimethylsiloxane (PDMS) chamber (Figure 2a ). When the needle punctures the skin, it perforates the polymer cap, activating the sucking action into the evacuated chamber. The PDMS chamber is porous enough to be evacuated by simple exposure to vacuum and requires a Parylene coating to keep the vacuum inside.
The system is conceptually simple and provides a self-sufficient component made of reliable and well-established materials, which suggests a feasible integration with subsequent stages; however, the use of vacuum as energy storage presents further challenges in isolating its connection with the rest of the sampling conditioning system.
As an alternative to confined vacuum, the use of finger pumps (Comina et al., 2015a; Begolo et al., 2014; Iwai et al., 2014) could be an option to simplify this kind of extraction elements. The concept described by Begolo et al., 2014 , is a 3D printed lid configured as a pump to generate positive and also negative pressure (Figure 2b ). The pumping lid uses a soft seal in its construction, and although additive manufacturing strongly simplifies fabrication, this combination of materials and resolution is normally restricted to advanced and expensive 3D printers. Beyond this observation, the emergence of capable 3D printers offer a remarkable versatility for low-cost, fast-prototyping (Symes et al., 2012; Kitson et al., 2012; Comina et al., 2014a Comina et al., , 2014b Shallan et al., 2014) , which enables the acceleration of the development and optimization process and offers almost unlimited geometrical configurations that are otherwise accessible only to advanced microfabrication.
In the case of Comina et al., 2015a , which is also a 3D printed device, an integrated check-valve (Comina et al., 2015b) configured in series with a silicone tube provides an unlimited volume finger pump, capable of multiple cycles (Figure 2c ). This device is manufactured via a low-cost, fastprototyping method (unibody-LOC, ULOC), which employs consumer grade stereo lithography (SL) 3D printers (Comina et al., 2014a (Comina et al., , 2014b . The ULOC method transfers all complex fabrication tasks to a single monolithic 3D printout, or unibody, which hosts all other components such as the PDMS seat for the check-valve, the connector to the silicone tubing, and the rest of the fluidics.
The devices are designed with open channels, granting easy access for functionalization, and the sub-micrometric surface finish enables sealing with regular adhesive tape (Comina et al., 2014a) .
In both finger pumps, the energy source is the finger action, and problems related to storage of the energy source within the devices are entirely eliminated in these examples.
Urine samples are commonly collected in a disposable cup, from which the sample is transferred to the analytical stage. In contrast with blood, urine samples imply larger volumes, and collection using a cup is a natural alternative. In the case of reusable accessories for cell phones, an albumin urine test has been demonstrated (Coskun et al., 2013) . This solution uses 150 µL disposable syringes to inject 25 µL urine into a PDMS detection cell containing the reagents for fluorescence detection using the phone camera interfaced with a reusable instrument (Figure 2d ). The use of a syringe is a practical choice in this case, but one can imagine a lid pump (Begolo et al., 2014) operating as a suction device integrated with the rest of the fluidics, which could additionally provide precise volume metering. ULOC finger pumps are simpler (Comina et al., 2015a ), but they still have not been demonstrated for suction.
An established solution that is implemented in commercial pregnancy tests involves lateral flow devices ( Figure 2e ) (Wong and Tse, 2009 ). This type of solution is not necessarily limited to a single parameter, such as has been demonstrated in modern paper fluidics (Sin et al., 2011; Yetisen et al., 2013; Martinez et al., 2008b; Osborn et al., 2010) (Figure 2f ), and more advanced operations can also integrate switches and valves Marinez et al., 2010) .
Alternatively, the capillary paper extraction can be combined with classical fluidics, as has been shown in hybrid transport systems (Wang et al., 2010; Kokalj et al., 2014) , and capillary devices can be entirely microfabricated (Zimmermann et al., 2007; Safavieha and Juncker, 2013; Gervais and Delamarche, 2009) .
Saliva is perhaps the friendliest non-invasive type of sample, but it also involves specific drawbacks. Saliva is collected with a substantial amount of bacteria and is produced by more than 20 glands operating at different rates and in different locations, which also can be influenced by diet (Beltzer et al., 2010) . Thus, saliva collection requires following specific collection protocol and sample integration methods.
The most common forms of saliva collection include (1) the passive drool technique (Christodoulides et al., 2005) , where saliva is accumulated in the floor of the mouth for a defined period of time and then spat into a test tube where some few mL are collected and (2) the absorbent device technique, which uses elements such as swabs to sample the saliva, which can be directly integrated into lateral flow immunoassays, such as the commercial devices used for HIV testing (Dewsnap and Mcowan, 2006; Zelin et al., 2008; Mohamed et al., 2012) .
Despite the apparent simplicity of absorbent devices, they can be affected by the spatial variation of marker concentrations within the mouth, such as in the case of α-amylase proteins (Beltzer et al., 2010) , whereas the passive drool technique, although it requires following a more thorough protocol, integrates in the sample contributions from multiple locations.
In the particular context of measuring with cell phones, an important aspect is that the phone should be preserved from sample exposure. Accordingly, the integration of a suction stage could be the most convenient way to collect either urine or saliva directly from commercial saliva vials or urine cups. This configuration also enables the acquisition of other type of samples, which already have established extraction protocols for the collection within sterilized or conditioned commercial vials. Figure 2 
Sample preparation
Upon the extraction of whole blood samples, analyses typically require the separation of red blood cells from plasma. The integration of the separation stage is not only relevant for the purpose of devices for cell phone readout but also to shorten the time between separation and analysis, which is critical to reduce variability (Lauks, 1998) and to ensure plasma proteome consistency (SenYung et al., 2006) . Plasma separation in regular microfluidic setups can be achieved through different methods (Yang et al., 2006; VanDenlinder and Groisman, 2006; Haeberle et al., 2006; Fan et al., 2008) , but integration into an autonomous disposable device requires the elimination of regular valves and pumps or their conversion to low-cost alternatives (Comina et al., 2015a; Begolo et al., 2014) .
Aside from the propulsion mechanism, a simple solution for blood separation consists of a deep trench across a microchannel, which traps the red blood cells (Figure 3a ) (Dimov et al., 2011) . In this case whole blood is propelled using a self-powered evacuated dead-end microchannel (Hosokawa et al., 2004 (Hosokawa et al., , 2006 , which needs to be preserved in a vacuum pouch previous to operation, although the principle could be adapted to other forms of self-propulsion (Wang et al., 2010; Kokalj et al., 2014; Zimmermann et al., 2007; Gervais and Delamarche, 2009) or finger pumps (Comina et al., 2015a; Begolo et al., 2014) . The deep trench type of separation feature is also very compatible with 3D printed LOC devices (Comina et al., 2014a (Comina et al., , 2015b and minimizes the number of components and fabrication steps. The implemented trench, a circular well aligned with the channels, captures erythrocytes proportionally to the flow rate and takes a few tenths of a second at the maximum flow rate to clear a sample volume of 5 µL. The device operates between 2 µL h -1 to 400 µL h -1 , which can also be achieved by lid and finger pumps, and, besides separation, it offers multiple detection possibilities, such as hematocrit quantification, since at a fixed flow rate the optical density of the trench should be proportional to the hematocrit level.
Ratchet architectures used in integrated concentrator arrays are also suitable geometries for separation (Figure 3b ), as well as geometrically conditioned inertial focusing principles, such as those illustrated in the next section (Martel et al., 2015) .
Another suitable concept, which additionally employs a reporting strategy convenient for ADDCA, utilizes a flow-based method for plasma separation, hematocrit evaluation, and serum biomarker quantitation ( Figure 3c ) (Browne et al., 2011) . The device entails a single channel with three different configurations: a coil shaped separation segment, a serpentine for hematocrit readout and a sector for ELISA detection. When a blood sample (0.5-1.5 µL) is injected into the channel, the erythrocytes migrate axially faster and pack ahead of the plasma. Thus, when the sample passes through the serpentine, the erythrocytes' distribution reflects the hematocrit level and can be interpreted as a grey scale. This solution is attractive for cell phone readout not only because of the imaging the authors used for intensity quantification but also for its potential for more advanced and robust readout, which will be discussed in section 2.3.
When the sample reaches the third sector, only plasma is exposed to immobilized antibodies in a high surface-to-area configuration, where it is incubated for a given time and finally flushed, leaving the ELISA test ready for readout.
Lateral flow configurations are an established solution for the separation of erythrocytes using paper membranes (Wong and Tse, 2009) and have also been adapted to hybrid capillary-driven systems (Gervais and Delamarche, 2009) . Among other possibilities compatible with ADDCA is the use of bead-packed microchannels (Shim et al., 2010) , where erythrocyte separation occurs when red blood cells are blocked in the space between beads, while the plasma continues forward to the detection stage.
Beyond the concepts compatible with cell phone detection, there are numerous other possibilities for integrated plasma separation, which have been comprehensively surveyed in recent reviews (Hou et al., 2011; Kersaudy-Kerhoas and Sollier, 2013) .
Urine samples imply diluted markers in a large volume that needs to be allotted into a smaller volume for measuring. Accordingly, the ways of collecting and concentrating the analyte are key challenges, and although sample collection is feasible with the tools discussed in the previous section, it is not always the best option for integrating sample preparation on chip. For instance, protein analysis, which is relevant to the diagnosis and monitoring of chronic conditions, demands numerous laboratory preparation steps. These include concentration and purification, which in commercial kits (e.g. ProteoSpin™) is performed by spin column chromatography (Matson, 2008) .
The protocols typically include pH adjustment and column activation, which involves centrifugation with a wash solution, and the same for sample protein binding-further washing and elution.
Sample pre-treatment is also important for polymerase chain reaction (PCR) amplification (Zhang and Xing, 2007; Bartlett and Stirling, 2003) , since nucleic acids must be first extracted from cells, and residual material can degrade the PCR amplification efficiency.
Diverse on-chip solutions for pre-concentration have been investigated (Mariella, 2008; Mello and Beard, 2003; Crevillé et al., 2007; Lim et al., 2010) , and some of these approaches could be adapted to disposables for cell phones. Solid phase extraction using silane-coated channels (Kutter et al., 2000) is one such approach but uses electro kinetic transport. Nucleic acid purification has been demonstrated in porous monolithic polymer columns impregnated with silica particles (Bhattacharyya and Klapperich, 2005) , which were configured as disposable elements and offered extraction efficiencies of about 70%. Other techniques to create in situ porous polymer monoliths for passive filters (Mair et al., 2009 ) could be repurposed as well.
The in situ patterning of polyacrylamide gels has been reported for electrophoretic transport systems (Hatch et al., 2006; Herr et al., 2007; Kondapalli et al., 2011) , which as well as magnetic beads used as the solid phase to capture antibodies and as carriers of target antigens are inspiring configurations (Inglis et al., 2004; Lien et al., 2008) , if could be adapted to non-electrically interfaced transport.
Whenever cell lysis is required, from the different existing alternatives (Brown and Audet, 2008) , reagent-less mechanical approaches (Di Carlo et al., 2003) and detergent lysis (Ocvirk et al., 2004; Huang et al., 2007) are the most directly exploitable for ADDCA.
A one-step device for genotyping from saliva (Pjescic and Crews, 2012) provides an appealing concept for cell phone readout. Genetic analyses summarize demanding integration challenges for any type of sample and commonly entail sample preparation, PCR amplification and analysis of the amplified fragments. Instead of solid-phase extraction, in the selected example, PCR is directly performed by inactivating the inhibitors in the sample. In addition, an inhibitor-resistant Taq mutant (Kermekchiev et al., 2009 ) of the Taq polymerase enzyme is used, which minimizes the incubation period. The device was tested with the identification of the 108-bp segment of the DYZ1 region within the human genome, which has application in sex determination (Jobling et al., 1997) . The device is fabricated using a xurographic (Bartholomeusz et al., 2005 ) layout transferred to a glass substrate ( Figure 3d ). Saliva is collected into medical-grade water to initiate the osmotic lysis of the cells. The diluted sample is combined with the PCR reagents and a fluorescent reporting dye and follows a 42-amplification cycle, where complete lysis of the cells is attained within the first heating cycles. Fluorescence imaging of the sample during thermocycling results in distinctive amplification signatures, which identify the sex of the saliva donor.
The controlled thermal cycling of the sample is certainly an inconvenient feature to integrate into disposable elements without electronic interfacing, but this device uses a long serpentine with variable channel width (Wittwer et al., 1994) heated to create a constant transversal temperature gradient. The design is not only an attractive simplification of the heating problem, but also the reaction spreads spatially instead of over time, and by imaging the device (Pjescic et al., 2010) , the cycle-dependent fluorescence and the temperature-dependent fluorescence can be simultaneously captured.
Another interesting concept for molecular diagnostics supporting different type of samples utilizes modular in-gel PCR amplification cassettes configurable for multi-target detection (Figure 3e ) (Manage et al., 2013) . Modularity is achieved by isolating the detection elements, which consist of 7 mm-long capillary tubes filed with the PCR reaction mix and gel reagents. Filled capillaries are UV photo-polymerized, and, upon desiccation, a gap between the material and the capillary inner walls is created. Capillary reaction units with different PCR elements can then be lined up in a PDMS holder. The sample is delivered to one end of the capillary line, and flows re-hydrating the gels in the whole line. Despite of the use of thermal cycling, for which a Peltier element is employed, it illustrates a versatile concept for modular functionalization, which also shares the benefits of imaging readout.
The detection of dengue-specific immunoglobulins in saliva has been demonstrated recently using a stacking flow immunoassay ( Figure 3f ) (Zhang et al., 2015) . Lateral flow immunoassays are an established concept for self-tests (Wong and Tse, 2009); however, saliva cannot be applied directly to regular lateral flow test strips because it causes the detection colloidal particles to nonspecifically adhere to the nitrocellulose membrane (Nguyen and Moheb, 2001) , and additionally antibody concentration in saliva is low and requires larger sample volumes than those handled in regular strips. The solution in Figure 3f is a timed 2D paper microfluidic network (Lutz et al., 2011) , which enables the autonomous delivery of the sample and conjugates from two separate paths, and the sample is transported through a fiberglass matrix that retains the proteins responsible for non-specific adhesion.
The final conditioning example demonstrates amplification and molecular recognition capabilities while avoiding thermal cycling (Figure 3g ). Cell-free synthetic biology (CFSB (Smith et al., 2014; Pardee et al., 2014) ) is a powerful bio-sensing concept that exploits the biochemical machinery in genetically engineered cells without the disadvantages of keeping the cells alive or dealing with issues of biosafety. Such a generic approach brings together the benefits of selectivity to pathogen-specific nucleotide sequences and signal amplification that can be co-opted from a model organism for a defined purpose. A recent example of this approach was configured for Ebola virus detection (Pardee et al., 2014) , where cell-free synthetic gene networks were embedded in paper for in vitro applications. The active material is produced by freeze-drying cell-free systems, which integrate at the molecular level the fundamental transcription and translation properties of a cell but are sterile and abiotic and stable at room temperature and can be activated by rehydration. Figure 3 
Transport / Reaction
The control and timing of chemical reactions in LOCs can be achieved in multiple ways. It is, however, those principles that imply manual operation or passive control, which are most relevant to disposables for cell phone analyses.
Wicking materials offer an inexpensive transport alternative without pumps or auxiliary devices, and lateral flow tests are an established format for disposable self-testing (Wong and Tse, 2009).
In recent years the subject has been re-visited and expanded (Martinez et al., 2008b (Martinez et al., , 2010 Noh et al., 2010; Lutz et al., 2013; Byrnes et al., 2013) . Autonomous capillary systems can also be implemented using micro fabrication techniques rather than paper, which offer the benefits of compatibility with classical LOC architectures and the use of detection principles beyond colorimetry (Zimmermann et al., 2007; Gervais and Delamarche, 2009; Safavieha and Juncker, 2013) . Since in passive microfluidics the flow rate is predefined, minor device variations can compromise the performance of the filling dynamics, which demand accurate fabrication capabilities. Besides this aspect, pump flow rates can also be configured through the geometry (Zimmermann et al., 2007) , and autonomous multistep immunoassays have been demonstrated on this platform (Gervais and Delamarche, 2009 ) that can also incorporate a paperloading pad for blood or plasma. The subject of capillary microfluidics has been reviewed and incorporates a substantial set of tools including pumps, valves, triggers and retentions, which depend on precise fabrication and surface conditioning for operation and can essentially integrate the same functionality as in the paper examples.
Hybrid approaches, where paper is used as a pump in otherwise conventional fluidics, have also been demonstrated (Figure 4b ) (Kokalj et al., 2014) . Systems like this create a suction pump using a working fluid between two passive valves that connect on one side to a paper sector and to an analytical region on the other end. When triggered by finger pressure, the working fluid breaches the connection to the paper side and becomes absorbed, creating suction in the analytical channel.
Other hybrid self-powered devices using filter paper as passive pumps have been implemented for the quantitative multiplexed detection of proteins from whole blood (Figure 4c ) (Wang et al., 2010) .
Functionalization is produced on glass slides using DNA barcodes (Fan et al., 2008) , which serve as substrates for the microfluidics made in the photo curable hydrophobic polymer NOA-63. Prior to use, not only the sample but also the reagents must be loaded in the chip wells. Once loaded, the capillarity of the paper sequentially drives the sample and reagents through the chip, automatically performing all the preparative steps of an ELISA test. Red blood cell separation occurs by inertial focusing, induced by flowing the sample through a narrow channel into an expansion, where the barcode stripes are thus only exposed to serum. The readout of the 20µm-wide barcode lines requires a microarray scanner.
Phaseguides offer another elegant and powerful alternative to passively controlling flow using simple fabrication tools. Phaseguides are static geometric features that control the progress of a flow by conditioning the interfacial tension (Figure 4d ) (Vulto et al., 2011; Hakenberg et al., 2012) .
They offer complete control over the filling and emptying of arbitrary architectures by a controlled step-wise advancement of the liquid-air interface using the meniscus pinning effect, and it has been demonstrated as being capable of passive valving, metering and mixing. A compact alternative for multiplexed fluidics, without pumps or valves, is the concept of SlipChip (Figure 4e ) (Du et al., 2009; Shen et al., 2010) . Here, two plates are set in contact, with one containing micro wells with reagents confined within an immiscible carrier fluid and an array of disconnected ducts. The second plate contains a matching array of micro wells, which is complementary to the ducts in the first plate, and forms a continuous path to load the sample simultaneously into all wells. To expose the sample wells to the reagents, the upper plate is simply "slipped" with respect to the lower one, confining the sample volumes and presenting them to the reagents. Du et al., 2009 , proposed this concept as suitable for cell phone imaging, essentially as a colorimetric or intensity reader, and the concept has also been demonstrated for immunoassays . The evolution of this concept into a digitally coded response makes it even more attractive for cell phone readout, such as is discussed in section 3.2
The SlipPAD (Liu et al., 2013) is the paper analytical device (PAD) version of the SlipChip, and it uses chromatographic paper, whose layout is configured with a wax printer. The paper layers are attached to solid plates to operate in the same way as the SlipChip. In the SlipPAD example, the multiplexed geometry is configured to integrate on-chip calibration and multiple replicates, which is an important feature for quantitative cell phone readout. Event at the development stage these devices have been produced with inexpensive infrastructure at less than 1 USD/device and at a rate of ~200 devices/hour with a single printer, which is especially attractive to support small productions of specialized applications.
Not only passive but also active self-powered autonomous chips have been demonstrated ( Figure   4f ) (Qin et al., 2009 solution triggers the generation of oxygen pressure to drive the fluidics. Depending on the initial H 2 O 2 concentration, the generated O 2 produces an expansion of up to 100 times the initial volume.
A mechanical control mechanism is embedded in the architecture, which enables the supply of a regulated pressure. When local pressure bursts displace the solution the reaction is interrupted, and when the pressure drops the pin is re-immersed, thus generating a modulated driving pressure for up to 90 min. This device was demonstrated for whole blood analysis, performing plasma separation in skimming channels, which requires 10µm-wide channels and uses DNA barcode detection, demanding a gene chip scanner for readout. Despite the readout characteristics, the self-propulsion principle could be directly migrated to ADDCA devices. Some applications, like micro droplet formation, require multiple pressure sources and wellcontrolled flow rates, and such a possibility has been achieved via a system actuated with a single pressure point (Figure 4g ) (Iwai et al., 2014) . The system is capable of pressures up to 7.6 kPa and unfolds a single pressure point into multiport infusion systems that have been implemented both in multilayer soft lithography and injection molding technology. The single pressure head infuses multiple fluids into parallel branches, which with the help of check-valves, flow from inlet ports into storage chambers. The design requires two types of check-valves for each branch in order to create the suction that drives the sample when the finger pressure is released and implies sophisticated fabrication efforts.
The emergence of modern additive manufacturing resources facilitates innovative solutions and the ability to evolve prototypes at affordable costs (Begolo et al., 2014; Symes et al., 2012; Comina et al., 2014a Comina et al., , 2014b Shallan et al., 2014; Wang et al., 2014; Waldbaur et al., 2011; Tseng et al., 2014; Tumbleston et al., 2015) . A finger pump that exploits 3D printing technology is the pumping lid concept (Begolo et al., 2014) . The method operates through the controlled compression or expansion of gas, which can be used to generate positive or negative pressure (Figure 2b ). The sample is delivered to a device inlet on which the lid is attached and pressed down to its retention, thus creating an isolated positive pressure. Conversely, if the lid is pull up it creates a negative pressure in the inlet space. 3D printed lids contain a soft material seal and together with the lid seat they can be precisely configured to introduce multiple pressure steps or to produce the coordinated operation of multiple pressure ports.
The last finger pump concept is perhaps the simplest, and it is also implemented as a 3D printed device ( Figure 4h ) (Comina et al., 2015a) . One particular aspect of this device is that it requires only a consumer grade SL 3D printer to fabricate not only the pump but also the entire ULOC fluidics (Comina et al., 2014a (Comina et al., , 2014b as well as the integrated coupling optics for cell phone readout. It utilizes an asymmetric seat for a PDMS element that constitutes a check-valve (Comina et al., 2015b) . The area of this element is essentially the entire footprint demanded from the layout, which is substantially smaller than other alternatives. The check-valve seat is monolithically linked to a connector on one side and to the fluidics on the other. The connector is prepared to tightly plug into a silicone tubing, which when pressed displaces the sample in the check-valve in the forward direction, and when it is released, the backward flow is prevented by the check-valve action. This allows unlimited pumping volume in repeated pumping actions, which makes the design easy to accommodate to varied fluidic designs, and it also allows for regulation of the pumping pressure by selecting the distance from the ULOC connector where finger pressure is applied. This device uses a 5 µL sample volume as carrying fluid and mixes two separated reagents. In addition to the sample evaluation it integrates a two-point calibration range with embedded analyte concentrations. In order to operate the device, the three concentrations react simultaneously when driven in a series configuration, which uses trapped air as a plunger to drive contiguous sectors.
This solution is an alternative better suited to 3D printed geometries than the parallel-branched architecture used in classical configurations.
Readout
Once all preparatory steps have been completed, the following process entails a chemical reaction that produces a recordable output. In modern smart phones, readable responses are not limited to optical principles, although this is the dominant approach for universal coupling without electronic interfacing, and certainly for ADDCA. Color and intensity changes are the most used type of responses; however, as will be discussed here, they underexploit cell phone resources and, if used in combination with time and position detection, can produce more robust quantifications using literally the same acquisition device.
Here, the most convenient principles for cell phone readout will be discussed whether they have already been demonstrated in this form or whether they have the potential to operate in such mode.
Optical readout
Cameras on cell phones share common aspects that are important for conceiving generic strategies for universal device readout. In addition, phones and cameras are continuously evolving, but some features show fast progress, whereas other aspects remain mostly unchanged through product generations.
Cell phone cameras use Bayer filters for color detectors and capture images at a 24-bit color resolution, which implies red, green and blue channel intensity resolved in 256 levels. This feature has remained unchanged throughout all smart phone generations and previous phones with color cameras, and although digital SLR cameras are now equipped with 12-and up to 16-bits/channel resolution, this is not necessarily a feature that will migrate soon to cell phone cameras.
On the other hand, the dynamic range of camera detectors has increased by introducing better detector technologies, larger pixels or high dynamic range (HDR) (Reinhard et al., 2010;  http://web.media.mit.edu/~hangzhao/papers/moduloUHDR.pdf, 2015) acquisition capabilities.
Although this constitutes an improvement that can be used to boost the resolution of an intensity measurement, such as has been demonstrated for cell phone readout of commercial NT-proBNP lateral flow devices (Preechaburana et al., 2011b) , there are better characteristics of the same detectors from which to profit.
The same can be said with respect to colorimetric detection. The three filters for color acquisition have wide and overlapping spectral bands resembling the standard color observer characteristics Lundström, 2004, 2006; Malik et al., 2009; Wyszecki and Stiles, 1982; Macken et al., 2006; Preechaburana et al., 2015) . Accordingly, digital colorimetric acquisition is spectrally poor and susceptible to metameric artifacts, which lead to the interpretation of diverse spectral stimuli as the same color. This limitation can be overcome via complementary illuminations and the use of spectral reconstruction methods (Westland and Ripamonti, 2004) ; however, as mentioned before, there are better alternatives than attempting to purely quantify the responses by intensity or color.
Both pixel count and frames per second (fps) in video acquisition are associated with the increasing computing power in cell phones and show improvements with phones' evolution-from 320 x 240 pixel web cameras at the beginning of the 2000s to the present cell phone front cameras that can capture video at 30fps and 720p standard while supporting snapshots at more than 1MP and up to 5 MP. Concurrently, rear side cameras are above 12MP in flagship models and support video acquisition in full HD, as well as 60 fps and slow motions modes of 240 fps (https://www.apple.com/iphone/compare/; http://www.samsung.com/us/explore/galaxy-s-6-features-and-specs/). These two dimensions exceed the resolution of intensity recording in cell phones and only require adapting the response principle to capitalize on them for ADDCA readout.
One such example involves the detection of angle resolved surface plasmon resonance (SPR) (Figure 5a ) (Preechaburana et al., 2012a) . SPR (Schasfoort and Tudos, 2008 ) is the benchmark principle in biomolecular interaction analysis and bio-sensing instruments (Homola, 2008) . In an SPR experiment a visible photon is optically coupled to a plasmon on a thin metal film. The phenomenon can be observed as a characteristic dip in total internal reflection (TIR), where the illuminating angle and wavelength coordinates of the dip are sensitive to the metal surface conditions. Chemical functionalization of the metal surface renders dip coordinates sensitive and selective to target analytes. SPR is normally found in laboratory instruments but also exists in commercial compact versions (Homola, 2008) , and for cell phone readout it has even been implemented using a disposable optical coupler (Figure 5a ) (Preechaburana et al., 2012a) . This coupler collects red light from the cell phone screen and conditions TIR illumination within an angular range around the SPR dip for aqueous solutions. The coupler guides the reflected light to the cell phone front camera, which acquires a snapshot of the angle resolved SPR. Changing the screen color, the angle resolved SPR can be acquired for different energy bands.
This type of SPR signal has a number of advantages with respect to intensity or color detection.
First of all, the quantification of the response depends on the coordinates of the SPR dip, not on its amplitude. The difference is that the coordinates can be resolved in more than 1000 pixels in modern phones, whereas the intensity range is limited to 256 levels for the same device. SPR sensorgrams consists of the time response of the SPR dip coordinates, and again, video recording can resolve such response at 33 ms intervals. Other advantages of SPR detection entail the possibility to operate with the 300 nits illumination available from any cell phone screen and also that the image of the dip is a contrast pattern that fits within the dynamic range of any phone camera. This example illustrates how the choice of the detection technique can optimize the exploitation of cell phone resources, which in the demonstrated detection achieves a resolution of 2.14 x ︎ 10 -︎ 6 RIU and a limit of detection for β2 microglobulin of 0.1 µg mL -1 .
SPR is not the only principle that could exploit this type of response, and diffusion reactions could employ the same phone resources (Figure 5b ) (Gerber et al., 2014) . Also serving ADDCA requirements, the use of chemical diffusion and reaction to record temporally varying chemical information can be achieved without the need of external power. In addition, the diffusion process offers the possibility to capture the time dimension through the spatial location of the response, thus disentangling the detection from the readout process. For instance, detectors based on this principle could act as distributed recorders, similar to exposure badges and dosimeters, to be read in situ with a phone.
The demonstrated devices consist of a confined porous diffusion channel (0.5% agar gel) with a reservoir at one end and an open path at the other end. The reservoir is preloaded with a time indicator reagent that diffuses in the porous channels at a known rate. The free side of the channels is exposed to the target analyte, and both diffuse in opposite directions. When both diffusion fronts meet an irreversible reaction occurs, leaving a response band in the porous channel. The demonstrated concept addressed the detection of lead ion in water and was configured for a recoding range of 2 hs. As indicated by the authors, the platform can be tailored to diverse types of reaction schemes, where the profile of the reaction zones can also render valuable information.
In the previous section, the SlipChip concept was discussed in its original formulation; however, there are two further developments of this concept that best match the ADDCA tenets. Despite the fact that the first example illustrates PCR amplification, which requires external thermal cycling , it shows the possibility to reconfigure the SlipChip for digitally coded responses. In such cases the SlipChip was read in an epi-fluorescence microscope and required multiple pictures to cover the entire response area, but permits to digitalize the concentration of target DNA as the number of responsive wells. Thus, the approach converts intensity into a pattern that can be better resolved in pixels counts than in the intensity range available in cell phone cameras. The example illustrates an attractive possibility for rendering responses that are robust to uncontrolled illumination. One can imagine a colorimetric quantitative digital pattern generated either in the SlipChip or SlipPAD that could be read directly as a phone picture, without alignment, under ambient light and with no other accessory. Distributed detection schemes such as those presented in section 2.1.2 (Figures 2c and 2d ) also share these advantages.
Another suitable response type has been shown in the V-chip concept (Song et al., 2012) . The Vchip uses an oblique slide SlipChip design, and it has been demonstrated for a multiplexed ELISA configuration. The remarkable aspect of this concept is that it also generates its own interpreted readout in the form of the displacement of an ink column. The device uses catalase as an ELISA label, which is put in contact with H 2 O 2 and produces a proportional O 2 pressure that acts against the reporting ink reservoir connected to a microchannel. Figure 5c shows the SlipChip loaded with sample and reagents before operation (left panel). When the device is diagonally slipped, labeled sample is put in contact with H 2 O 2 and with the ink reservoir (right panel), while starting the generation O 2 pressure. Thus, the displacement of the ink column reports the O 2 pressure, which is proportional to the ELISA response. The columns are conceived for visual inspection but hold the same advantages as any displacement reporting principle: They are robust to uncontrolled illumination and give a response that can be resolved in pixels, which can correspond to a resolution better than 256 levels (Figure 5c ).
The last optical readout example corresponds to an enzyme-based colorimetric glucose test (Figure 5d ), whose fluidics was described in the previous section. The device is a ULOC disposable that sits on the screen and aligns the detection zone with the front camera, wherever this is located in the phone layout (Comina et al., 2015a) . This approach contributes to the universality of the solution, but cell phone cameras cannot focus at few millimeters from the camera, and a 3D printed lens is included in the design. Optics is in general not easy to custom make, and thus low cost focusing elements (Preechaburana et al., 2012b) and simplified fabrication alternatives have been investigated in the past (Love et al., 2001; Sun et al., 2005; ; however, in this case lenses are simply geometrically designed in CAD, 3D printed with a consumer-grade platform, and ready to use without mechanical or chemical polishing.
The 3D printed lens refocuses the detection zone, which includes the sample and two calibration responses, on a wide range of cell phone cameras, but it uses ambient light for illumination. Since the location and distribution of the illumination cannot be controlled, it can introduce spurious background modulations that can affect the quantitative readout. Instead, the combination of the two enzymes glucose oxidase (GOx) and horseradish peroxidase (HRP) enables the consumption of the color product of the glucose detection (pink resorufin, which is a substrate for HRP), creating a peak in the response, whose time coordinate is proportional to the glucose concentration. This peak time is independent of its absolute amplitude and is thus robust to background illumination; additionally, it can be resolved at 33 ms in the video acquisition, which improves on the 256 intensity levels, using the same device. The proof of concept showed the possibility of a quantitative ADDCA implementation within the clinical range relevant for glucose analyses.
Other readout possibilities
Modern smart phones are profusely equipped with advanced physical sensors, wireless communication capabilities and computing power to couple to different phenomena for chemical detection.
Optical readout is clearly the one that offers the simplest interfacing, since image and video acquisition are regular resources in the operating systems, and, in addition, it can be operated with default applications that also deliver standardized data formats. For those implementations that utilize illumination from cell phone screens, the command of such illumination is even simpler than image acquisition. Displays are made to render arbitrary imagery, in a way completely transparent to the user, and thus a timed illuminating sequence can be simply a YouTube video uploaded on to the Internet, a self-contained .gif animation, or an application in the phone.
Near field communications (NFC) is also a feature present in numerous smart phones. It was conceived to wirelessly communicate between devices and for services such as mobile payment.
In addition, NFC can link to low cost disposable tags, which integrate resonant circuits that couple phone energy for readout. In a recent development that uses NFC for gas sensing, the coupling operates at 13.56 MHz, and commercial NFC tags were functionalized for NH 3 and H 2 O 2 semiquantitative detection (Figure 5e ) (Azzarelli et al., 2014) . Disrupted tags show characteristic amplitude and distribution of the reflection coefficient peak, which can be used to monitor the analyte presence with non-line-of-sight requirements; however, these features are less evident from the cell phone readout, which characterizes only the response by the power transfer magnitude. This limitation is common to the numerous resources embedded in cell phones, which despite being present at the hardware level, they cannot be fully accessed via the standard resources of the operating systems.
Due to the inherent deployability of NFC tags, the concept is promising for distributed environmental sensing, although its adaptation for LOC response transduction might also be feasible.
A dominant feature in modern smart phones are touch screen interfaces. These are projective capacitance displays that identify touches by local changes in capacitance. In order to effectively operate without false inputs, the raw capacitive signals are heavily processed to subtract noise and properly identify single and multiple touches. It has been shown that the capacitance interface itself is compatible with sensitive chemical detection, such as was demonstrated in by Won and Park, 2012 , where the capacitive interface can resolve changes in the pF range, and was demonstrated for DNA detection between 10 and 100 ng µL -1 . This attractive possibility was demonstrated with a touch screen kit, where the entire capacitance sensitivity is directly accessible; however, in order to be suitable with ADDCA, it has yet to be shown to be possible on an actual cell phone. In phones,
only the detected touch screen coordinates are accessible from the regular operating system resources, which is the result of the touch identification processing. Deeper access to the raw capacitance, if feasible, would most probably require software tailored to each hardware configuration, which essentially defeats the purpose of ADDCA solutions.
Despite of these inconveniencies, touch screen interfaces offer a large area for potentially multiple detections and a simple readout if the signals could be transduced as touch coordinates. Phone screens are also continuously increasing their screen resolution, and solutions such as the V-chip have the potential to exploit screen coordinates readout if the response columns could be capacitively coupled to the screen.
The concepts discussed in this work cover those most suitable for implementation as cell phone complementary disposables, whether they have already been demonstrated or because of their prowess and potential to be implemented in the ADDCA context. Unfortunately, this selection leaves aside elegant and inspiring concepts such as digital microfluidics and universal coupling through hands-free phone protocols (Nemiroski et al., 2014) , since they demand electronic interfacing and are more suitable with reusable dongles, even if they can incorporate disposable components.
Conclusions
Cell phones are powerful devices that can supply the role of computers in computer-controlled instruments. Such alternative offers total freedom to design biosensing instrumentation for dedicated POC purposes, but cancels the ubiquity of cell phones.
At the other extreme, solutions focused on entirely retaining cell phone ubiquity are emerging. This can be seen as the result of two convergent trends: the development of autonomous LOC devices and the sophistication and widespread availability of cell phones. In their present form, cell phones integrate numerous physical sensors and computer capabilities that hold a residual capacity to be repurposed for chemical sensing, biosensing, and diagnostics if matched with proper complementary devices.
It is tempting to believe that cell phones will in the future incorporate chemical sensors and biosensors in the same way as the diverse physical sensors of today; however, the equivalent to these physical sensors implies single partially selective and reusable sensors, which are incompatible with the multivocal type of stimuli in chemical sensing and diagnostics, let alone the dedicated sample conditioning requirements.
Modular phone designs (http://www.projectara.com; https://phonebloks.com/en) could be a niche for chemical sensing support but not necessarily the most popular consumer choice, which is the central aspect behind cell phone ubiquity and the rationale for using phones in their default configuration, and without permanent accessories, for biosensing.
ADDCA offers a strategy to adapt and capitalize on the autonomous LOC toolbox to best exploit current cell phone resources and those that can be expected in future generations.
Within this context, it becomes evident that popular detection approaches such as color and intensity responses are not the most convenient for cell phone readout and that there are better alternatives to be exploited.
The evolution of phone platforms has provided them with cameras that have improved mainly in terms of pixel count, acquisition frame rate and dynamic range rather than in intensity and color resolution. Accordingly, the transduction mechanisms that exploit these aspects are best positioned to fully capitalize on the potential of cell phone cameras for readout.
Thus, principles such as SPR, SlipChip/SlipPAD and their digitally coded responses, V-chips, timediffusion responses, kinetic responses and any other form of spatially distributed response are the most advantageous for exploiting the phone resources.
In addition, spatially distributed or coded responses as well as time responses that are not exclusively quantified by intensity are robust to ubiquitous illuminating conditions, which allows for the important simplification of using uncontrolled ambient illumination.
The surveyed plausible and demonstrated implementations suggest that beyond the necessary conversions, advanced performance and ambitious detection targets could be materialized based on ubiquitous disposables complementing cell phone readout. In order to be candidates for clinical use, the overall performance of these devices will have to gauge not only precision but also reproducibility, long-term storage capabilities and strict validation against established methods.
From the self-powered and passive autonomous principles surveyed here, many solutions can be directly exploited to provide autonomous operation on cell phones. In some cases, the involved fabrication and required resources are demanding, but the central aspects of these inspiring concepts are robust enough to undergo their adaptation as universal devices for cell phone biosensing. The microfluidic channels face the top slide. The bottom slide serves as a support layer as well as a bottom seal to the filter trench. To prevent blood cells from flowing past the filter trench, the top slide was manually coated with a hydrophobic pen (PAP Hydrophobic Barrier Pen for Immunochemistry, Abcam, UK) only on the region that overlaps the filter trenches.
Protein patterning
Prior to assembling the device, the bio-recognition site on the top glass slide was patterned by microcontact printing 16 to create 15 mm wide lines of avidin (Sigma Aldrich, USA). The deposited lines were perpendicular to the flow direction. See ESI † for Cross section of device operation: (2) storage in low pressure, e.g. vacuum package; (3) within 2 min of removing the device from vacuum conditions and placing a 5 mL whole-blood sample on the inlet, degas-driven flow propels the sample into the device; (4) as the whole-blood passes over the filter trench, blood cells sediment gravitationally and are filtered while plasma flows into the channel; (5) plasma-based proteins are detected as the plasma flows across the biomarker detection zone; (6) suction chamber regulates the total volume of plasma analyzed and stops the flow before the trench filters are overfilled. 
